Abstract At Montagna della Maiella and at Gola del Furlo (central Apennines) two discrete layers of bentonic clay are intercalated within the pelagic (Furlo) and turbiditic/pelagic limestones (Maiella) of the Upper Cretaceous basinal succession of the Umbrian basin (Scaglia facies). The bentonite layers are dated by planktonic foraminifera to the Globotruncanita elevata zone, early Campanian, and by calcareous nannofossils to the Aspidolithus parcus zone (CC 18); they fall into the reversed interval of chron 33. Detailed correlation shows the layers to be of exactly the same age. The upper layer is dated by U/Pb on magmatic zircons to 81.67€0.21 Ma, an age compatible with the Cretaceous time-scale of Obradovich. The mineralogy of the bentonitic clays is almost pure montmorillonite and contrasts sharply with the clay mineral assemblage of the enclosing pelagic and turbiditic limestones, which is dominated by soil-derived smectite and illite in different proportions. The bentonite seams are interpreted as the submarine alteration products of wind-borne volcanic ashes. They can be followed with only minor changes in thickness over 200 km and must be derived from distant volcanic sources and related to extreme volcanic events. A possible source area is present in the Dinarides where Upper Cretaceous subduction-related magmatic rocks are widespread.
Introduction
The mineralogical, chemical and isotopic signatures preserved in continuously deposited pelagic sediments document changes in global material cycling. In the central Mediterranean area, pelagic sediments deposited on the deeply submerged southern continental margin of the Jurassic-Cretaceous Tethys Ocean represent an excellent geological archive for the reconstruction of the palaeooceanographic evolution. Whereas C-isotope stratigraphy records perturbations in the global carbon cycle (e.g. Weissert 1989; Jenkyns et al. 1994 Jenkyns et al. , 2002 , clay mineral assemblages reflect conditions of soil evolution on continental areas and exposed carbonate platforms in response to regional climatic changes and tectonic events (e.g. Deconinck and Bernoulli 1991; Deconinck 1992) . At times, however, the pelagic record is punctuated by volcanic events, which are documented by ash layers, occurring today as relatively thin bentonitic clays seams (e.g. Peters 1970, 1974) . Such proxies of explosive, often subduction-related volcanicity appear to be relatively scarce in the external zones of the periAdriatic orogens or, in many cases, may not have been recognised as such. They may indicate, however, volcanic activity that is important for the reconstruction of the geodynamic evolution of the Tethyan margins.
In this paper, we document the occurrence of two altered, smectitic ash layers in the Upper Cretaceous (lower Campanian) of the external Apennines and discuss their significance and possible origin. The volcanic ash layers are intercalated in the pelagic limestones of the Upper Cretaceous-Palaeogene (Turonian to Eocene) Scaglia Rossa Formation or its lateral equivalent, the Tre Grotte Formation (Turonian to Campanian), and can be safely correlated over 200 km between Montagna della Maiella in the south to Furlo in the north (Fig. 1 ). Biostratigraphic and palaeomagnetic age determinations are consistent, and dating by U-Pb of zircons allows us to attribute a numerical age to the early Campanian Globotruncanita elevata and the Aspidolithus parcus (CC 18) zones.
The late Cretaceous time scale has essentially been developed from numerical ages in the Western Interior Basin of North America (Obradovich 1993) , whereas numerical ages from European localities are very scarce. Our data calibrate, with high precision, the age of the early Campanian Globotruncanita elevata zone; they are compatible with and thus confirm the time scale of Obradovich (1993) . They further document late Cretaceous explosive volcanicity most probably related to subduction in the internal Dinarides. We suspect that similar traces of explosive volcanicity related to late Mesozoic-Palaeogene subduction in the Alpine-Mediterranean chains might have been overlooked in many cases and might be much more numerous than hitherto recognised. If this is the case, there exists a potential for establishing a high-precision chronology of the pelagic Tethyan successions.
Geologic setting and occurrence of ash layers
The external zone of the central Apennines is part of a fold-and-thrust belt, built up by Mesozoic and Cenozoic sedimentary rocks that were detached along Upper Triassic evaporites from their original basement, which consists of Palaeozoic sediments and continental crust (Bally et al. 1986; Mostardini and Merlini 1988) . During Mesozoic times, the area was part of the Adriatic margin of the Liguria-Piemonte segment of the Alpine Tethys. After partial drowning of a late Triassic-early Liassic carbonate bank, the area was occupied by isolated, Bahamian-type carbonate platforms interspersed with deeper basins of pelagic sedimentation, which lasted into the early Tertiary and locally into the middle Miocene (e.g. Bernoulli 2001 ). The volcanic ash layers we describe are intercalated in basinal deposits, pelagic limestones of the so-called Scaglia facies. In the northern part of the area, in the Apennines of the Umbria and Marche regions, these limestones, which range from Cenomanian to late Eocene, are typically pelagic (e.g. Montanari et al. 1989) . To the south and east they interfinger with turbidites and other mass-flow deposits derived from the surrounding carbonate platforms (e.g. Vecsei et al. 1998; van Konijnenburg et al. 1999) .
Montagna della Maiella
In Montagna della Maiella, the east-west-trending margin of a Mesozoic-early Tertiary Bahamian-type carbonate platform is exposed in the north-south trending frontal anticline of one of the thrust sheets of the external Apennines ( Fig. 1 ; Ghisetti and Vezzani 1983; Mostardini and Merlini 1988) . During most of the late Cretaceous, the platform was bordered to the north by a steep, nondepositional escarpment (Crescenti et al. 1969; Accarie 1988; Eberli et al. 1993) , which was inherited from early Jurassic rifting and is morphologically very similar to the buried escarpments below Great Bahama Bank (Eberli et al. 2004) . A 900-m-thick Upper Cretaceous succession of pelagic/peri-platform chalks and limestones, carbonate turbidites and megabreccias onlaps the escarpment (Tre Grotte Formation, Vecsei 1991; Supersequence 1 of Eberli et al. 1993) . This lithological assemblage is conspicuously similar to sequences deposited during the same time interval in the deep-water sea-ways of the Bahamian archipelago (e.g. Northwest Providence Channel, Bernoulli 1972) . In the late Campanian to early Maastrichtian, the deep-water sediments buried the escarpment, and shallower facies prograded over the former basin margin (Mutti et al. 1996) . From latest Cretaceous to Oligocene times, the depositional history of the Maiella was characterised by two major phases of progradation on a distally steepened ramp before the installation of a gently inclined shelf in latest Oligocene to Miocene times (Vecsei et al. 1998) . The late Miocene desiccation of the Mediterranean interrupted carbonate deposition before the area was involved in thrusting and folding during the Pliocene. The volcanic ash layers we describe are intercalated in the Upper Cretaceous (Turonian to lower Campanian) Tre Grotte Formation in Valle Tre Grotte west of the village of Pennapiedimonte (province of Chieti) where a more or less continuous section that is cut by a few faults is observed (Figs. 2 and 3; Accarie 1988; Vecsei 1991; Lampert et al. 1997) . The small section illustrated in Fig. 4 is situated along the dust road leading from Pennapiedimonte into Valle Tre Grotte (for location see Fig. 2 ciano 1970) . The host formation consists of white pelagic/ peri-platform chalks and limestones, rich in planktonic foraminifera (typical Scaglia facies of Italian authors) with intercalated cm-to dm-thick bioclastic turbidites derived from the margin of the adjacent carbonate platform. Nodules and bands of red chert are of early diagenetic replacement origin. Down-section, up to several tens of metres-thick megabreccias, also derived from the platform, are intercalated (Figs. 2 and 3; Accarie 1988; Vecsei 1991; Eberli et al. 1993) .
The volcanic ash layers occur as 13-to 15-cm (upper layer, Figs. 4 and 5) and 4-to 5-cm-thick (lower layer) intercalations of yellowish-orange and greenish grey bentonitic plastic clay, which can be followed over the length of the outcrop. The lower and upper contacts are sharp and there is no visible evidence of burrowing along the top of the layers. Locally, the base of the upper layer is white and appears to be slightly coarser; however, there is no evidence of redistribution by currents or gravitational processes. A similar bentonite, only 1-2 cm thick occurs about 11 m above the upper bentonite layer. Until now, no volcanic ash layers were found on the adjacent platform.
Gola del Furlo
The mountain range Monte Pietralata-Monte Paganuccio is another frontal anticline in the fold-and-thrust belt of the external Apennines. Gola del Furlo, a deep canyon across the anticline, exposes a continuous section from the lower Liassic carbonate platform to the Tertiary pelagic and hemipelagic deposits. The sequence belongs to one of the Jurassic seamounts, on which a condensed Jurassic succession of pelagic limestones overlies a submerged fault block inherited from Jurassic rifting (cf. Bernoulli et al. 1979; Bice and Stewart 1990) . The Lower Cretaceous succession consists of pelagic limestones of the Maiolica Formation (uppermost Jurassic to Barremian), hemipelagic marls and marly limestones of the Marne a Fucoidi Formation (Aptian-Albian), which, at Furlo, are thinner than elsewhere (Alvarez and Lowrie 1984) . The pelagic limestones of the Scaglia Bianca (Cenomanian) and Scaglia Rossa Formation (Turonian to Eocene) generally lack redeposited strata, but, at Furlo, they include, in their lower part (Cenomanian to Coniacian), several slump complexes in which the stratigraphic succession is locally repeated and, in their upper part (Coniacian to Paleocene), white calcarenitic turbidites derived from a shallow-water area ( Fig. 3 ; Alvarez and Lowrie 1984) . These deposits suggest ongoing synsedimentary tectonic movements (Montanari et al. 1989 ) and/ or persisting sub-marine topography inherited from rifting At Furlo, as at Montagna della Maiella, two bentonitic clay layers are intercalated in the Scaglia Rossa Formation ( Fig. 4 (Fig. 6 ), has been described by Mattias et al. (1988) ; the lower layer, only 3 cm thick, has not been observed before. We measured and sampled both horizons at locality 1 of Mattias et al. (1988) above the Flaminia Road and at locality 2, the so-called Furlo Upper Road of Alvarez and Lowrie (1984;  for exact locations see Mattias et al., .
Methods

Mineralogy
For the determination of clay minerals, limestone samples were ground in a tungsten carbide disk mill for 30 s. The soft volcanic ash layers needed no grinding. Carbonate was removed by treatment with acetic acid (5%) and repeated washing. The removal of carbonate was not complete in specimen F15 (possibly because of enveloping clay minerals). The grain size fraction <2 mm was extracted by using differential settling tubes and Millipore filters. No cation saturation was performed, but it is assumed that acid dissolution of calcite resulted in Ca saturation. X-ray glass mounts were prepared by sedimentation. X-ray diffractograms were first performed on air-dried separates, and then on glycolated ones. All runs were performed with a Siemens/Bruker/AXS diffractometer (D-5000, Cu radiation 40 kV, 30 mA; secondary graphite monochromator; automatic divergence and antiscatter slits; Diffracplus software by Socabim).
Chemical analysis of clay minerals were obtained by energy-dispersive X-ray spectrometry (ED-XFA, X-Lab 2000 of Spectro Germany, routine FOIL2001) with microspecimens on police tape, and by combustion analysis (Leco RC-412, dynamic mode) for C, CO 2 and H 2 O determination. For technical details see Stern et al. (1991, their Table 3 ) and Petrova et al. (2002) . Our results are given in Table 1 .
Freshly broken sediment and rock surfaces were goldsputter coated and investigated with a stereoscan electron microscope (Philips ESEM XL 30 FEG) with an attached energy dispersive analyser (EDAX). For the determination of the heavy minerals, the samples were crushed in a mortar and disaggregated by repeated application of DØsogen (Ciba-Geigy, 5% solution). After decantation of the clay fraction and drying, carbonate was removed by treatment with cold 10% acetic acid. Cold H 2 O 2 was applied to destroy organic matter. Ultrasonic treatment was applied during several stages of sample preparation. The heavy minerals were separated by bromoforme (r =2.9) in a separation funnel. The heavy mineral fraction was mounted in piperine (n =1.68) and quantified under the petrographic microscope by ribbon counting. Results are given as frequency percents (Table 2).
Biostratigraphy
Fourteen samples from above and below the bentonite seams at Pennapiedimonte and at Furlo were analysed for their calcareous nannofossil assemblages. Smear slides were prepared according to standard methods and analysed with a petrographic microscope at magnification x1,500. The planktonic foraminifera were determined in thin-section.
U-Pb zircon dating
Volcanic zircons have been analysed from the inferred ash layers PP-6 from the Pennapiedimonte section, and F-2 of the Furlo section (see Fig. 4 ). The zircons were extracted from the bentonite samples using standard techniques and the least magnetic fraction was collected on a Frantz magnetic separator. A further selection of inclusion-and crack-free zircons was abraded in order to remove marginal zones of lead loss. After cleaning in 4 N HNO 3 and thorough rinsing with water and acetone in an ultrasonic bath, the zircons were spiked with a mixed 205 Pb-235 U tracer solution and dissolved in HF-HNO 3 . Mattias et al. (1988) After chemical extraction, Pb and U were loaded with Si-Gel onto a Re filament, their isotopic composition being analysed using an ion counting system mounted on a MAT 262 mass spectrometer. The performance of the ion counting system was monitored by repeated analyses of a NBS 982 standard solution. Common lead in excess of the blank was corrected using the crustal model of Stacey and Kramers (1975) . Total procedural blanks were estimated at 1€0.5 pg of Pb. Isotopic ratios and corresponding apparent ages are given in Table 3 .
Results
Mineralogy
The clay fraction of both bentonite layers and of the limestones is dominated by smectite-montmorillonite.
The diffractogram is characterized by a succession of basal reflections at 14.7, 5.0 and 3.0 in the air-dried state and at 16.7 to 17.0, 8.5 to 8.7, 5.5 to 5.6, 4.2 in the glycolated state (Fig. 7a, b) . The limestone samples contain in addition minor amounts of illite and quartz. The degree of ordering of the smectite-montmorillonite varies with the lowest ordering in sample F-15 (broadest reflection, highest background). The chemical composition of the clay fraction of the two bentonite layers is in agreement with the crystallographic information obtained from the diffraction data and given in Table 1 . Probably because of the extremely fine grain size of the bentonites, acid treatment did not dissolve entirely the calcite present (F-15), and washing did not succeed in complete removal of calcium as the chemical analysis of the clay fraction shows (Table 1 ). An excess of calcium was assumed and the CaO content recalculated to 2 wt% in accordance with Newman (1987, Table 1 .16). According to their structural formula, the smectites are dioctahedral and close to the end-member montmorillonite (Table 1) .
In stereoscan electron micrographs, individual grains with vacuoles, resembling glass shards and coated by clay minerals, can be recognized in the white clay at the base of the ash beds (PP 6, Maiella, Fig. 8b ). These grains coalesce (Fig. 8c) and in the upper, greenish grey or reddish part of the bed a dense mass of crenulated to flaky smectite is present that morphologically resembles smectite from other bentonitic clays (Fig. 8d , compare e.g. Welton 1984; Laviano and Melidoro 1994, their Fig. 5 ).
The heavy mineral fractions of the ash layers consists of about 30 to 35% transparent mineral grains and 65-70% of opaque minerals (visual estimate). Opaques are mainly iron oxide grains of irregular shape. The composition of the transparent mineral assemblage is given in Table 2 . In the upper ash layer, the most frequent heavy mineral is zircon (45.6% [Maiella] and 36.9% [Furlo]), followed by garnet, apatite, tourmaline and Ti-oxides with minor monacite at Furlo. Titanite, kaersutite and epidote are subordinate. At Montagna della Maiella, more than half (53%) of the zircon grains are euhedral, very transparent and with very sharp edges, in part these are needles, but also short-prismatic and platy crystals are observed. At Furlo, rounded zircon grains are more frequent (62%). At Furlo, the heavy mineral assemblage of the lower ash layer is dominated by apatite (61%), followed by zircon (25%), garnet (10%) and minor amounts of tourmaline and rutile. The zircon grains are mostly euhedral needles (74%), but rounded grains occur as well.
Biostratigraphy
Planktonic foraminifera
The foraminiferal associations that occur below and above the bentonite seams at Pennapiedimonte are characteristic for the early Campanian Globotruncanita elevata zone. Sample PP 7 (Fig. 9f-h ), contains Rosita fornicata, Rosita cf. patelliformis, Globotruncana linneiana, Globotruncana bulloides, Globotruncanita elevata, Globotruncanita stuartiformis and Marginotruncana sigali. Sample 250.30A (Fig. 9a-e) contains a large number of G. elevata, associated with G. stuartiformis, Globo-truncana arca and Marginotruncana pseudolinneiana. The rare specimens allocated to Marginotruncana (sigali, pseudolinneiana) are considered to be 'survivors' from Santonian time because they have been reported up to the early Campanian in other areas, including the Bottaccione section (Gubbio) 200 km to the north (Premoli Silva and Sliter 1994) . Therefore, we do not consider these fossils to be reworked. The occurrence of Globotruncanita elevata and G. stuartiformis, associated with Globotruncana linneiana and G. arca, together with the absence of Dicarinella asymetrica, confirm the Globotruncanita elevata biozone of the early Campanian (Robaszynski and Caron 1995) .
Calcareous nannofossils
The calcareous nannofossil assemblages from Pennapiedimonte and Furlo are abundant and diversified, their state of preservation ranges from medium to poor. The assemblages are all characteristic for the early Campanian and include the following species (Fig. 10c- Sissingh (1977) . Furthermore, the presence of Bukryaster hayi (Fig. 10a,  b) , a species with an extremely short range in the early Campanian, has been observed in a few samples. The first occurrence of this species defines the Bukryaster hayi subzone CC18b. Rare specimens of Bukryaster hayi occur above the bentonite layers at Pennapiedimonte (sample PP Corrected for fractionation, spike, blank and common lead (Stacey and Kramers 1975) e Corrected for initial Th Disequilibrium, using an estimated Th/U ratio of 4 for the melt Table 3 U-Pb isotopic data of zircon from bentonites, Montagna della Maiella and Furlo 26) and between them at Furlo (sample F7), and allow to place at least the upper ash layer in the upper part of zone CC 18.
U-Pb dating on zircons
Sample PP-6 has a homogeneous zircon population consisting of prismatic to long-prismatic grains, or fragments thereof. Measured uranium concentrations were within a narrow range of 250-280 ppm, contrasting with largely variable thorium contents (Th/U of 0.4 to 1.2; Table 3 ). Four analyses consisting of 1 to 4 zircon grains each, yielded a precise 206 Pb/ 238 U age of 81.67€0.21 Ma at 95% confidence level (Fig. 11) . Since there are no signs of inherited cores, and possible surface-related lead loss has been minimized by mechanical abrasion, the age is interpreted as the crystallization age of volcanic zircon.
The zircons of sample F-2 show a much larger morphological variability from short-to long-prismatic, and some inherited cores were already visible in short-prismatic zircon during optical inspection. Six microfractions of 2 to 4 grains were analysed and yielded (Table 3) . They define a mixing line with an inherited component of 467€32 Ma age (upper intercept), whereas the lower intercept age is 80.3€1.8 Ma (Fig. 11b) . Four out of six analyses are, however, analytically concordant between 80.4 and 81.4 Ma (Fig. 11c) . They consist of prismatic and longprismatic zircons uniquely and are thus considered to be free of inheritance. A precise crystallization age cannot be assigned to these points, but we argue that the scatter in 206 Pb/ 238 U ages is due to post-crystallization lead loss. Analysis 6, yielding an age of 81.4 Ma, would probably approximate the crystallization age.
Discussion
The small thickness of the bentonite layers, combined with their wide lateral extent of 200 km, the relic vitroclastic texture (Fig. 8c) , the purely smectitic composition of the clay mineral assemblage that contrasts with that of the associated pelagic sediments, and the occurrence of euhedral and high-temperature mineral grains show beyond any doubt that our bentonites represent layers of wind-borne volcanic ash intercalated within the pelagic and turbiditic limestones of the host formations.
Age and correlation
In Montagna di Maiella, the pelagic limestone sequence, in which the two volcanic ash layers occur, is dated by planktonic foraminifera and nannofossils as early Campanian, Globotruncanita elevata zone and nannofossil zone CC18 of Sissingh (1977) , and falls into the reversed interval of chron 33 of the palaeomagnetic time scale (Fig. 3 ; between 79.075 and 83 Ma in the time scale of Cande and Kent 1995; Lampert et al. 1997) . At Furlo, the limestones enclosing the two ash layers are also dated by calcareous nannofossils as zone CC 18 and equally occur in the reversed interval of chron 33 ( Fig. 3 ; Alvarez and Lowrie 1984; Mattias et al. 1988) . The occurrence of Bukryaster hayi above the upper bentonite layer at Pennapiedimonte and below it at Furlo allows to place the upper ash layer in the upper part of zone CC 18.
In Montagna della Maiella, the two layers are separated by 4.5 m of pelagic and turbiditic limestones, and at Furlo by about 1 m of pelagic limestones without turbiditic intercalations (Fig. 4) . The difference in thickness of the intervening limestones may be explained by the different sedimentation rates at the two locations, which are 8.6 mm 10 -3 year for the reversed interval of chron 33 at Furlo (Alvarez and Lowrie 1984) and approximately 21 mm 10 -3 year in Valle Tre Grotte (Lampert et al. Fig. 9 Planktonic foraminifera from Pennapiedimonte: a-e from sample L 250.30 (approx. 1m above PP8); a Globotruncanita elevata; b G. elevata; c Globotruncanita stuartiformis; d Globotruncana arca; e Marginotruncana pseudolinneiana. f, g, h from sample PP 7 f Globotruncana linneiana; g Globotruncanita elevata; h Rosita fornicata. Scale bar: 100 mm 1997). Although in Montagna della Maiella fine calcisiltite, turbiditic lime mudstone/periplatform ooze and pelagic calcilutite are difficult to distinguish in the field, at least 3 m of the sediment between the two ash layers are redeposited, leaving no more than 1.5 m of pelagic sediment separating the two layers. The occurrence of two distinct layers occurring in Montagna della Maiella and at Furlo, each of nearly identical thickness and separated from each other by 1-~1.5 m of pelagic sediment, leaves little doubt that we deal with the same horizons documenting the same volcanic events. Our correlation is supported by the-within the analytical errors-good correlation of the ratios of two immobile elements, Al and Ti. For the lower ash layer, the TiO 2 /Al 2 O 3 ratios are 0.045 (PP 8) and 0.053 (F 15), respectively; for the upper ash layer they are both 0.035. The ash layers were not (yet) observed at other locations in the external Apennines, but this may be due to poor outcrop conditions or related to local submarine current erosion or bioturbation (cf. Ninkovich et al. 1978) . Because the upper ash layers at Pennapiedimonte and at Furlo can be safely correlated and obviously are derived from the same volcanic event, their ages must be exactly the same. Indeed the crystallization age of the zircons at Pennapiedimonte (81.67€0.21 Ma) agrees within the errors with the approximated zircon crystallization age of the zircons at Furlo (between 80.4 and 81.4 Ma).
Significance of the mineral assemblage
The sediments in which the volcanic ash layers occur obviously have not undergone important diagenetic changes as far as the clay mineral assemblage is concerned. The stratigraphic overburden is estimated to have been never more than €1,500 to 2,000 m, and the presence of almost pure montmorillonite in the ash layers suggests that we deal with the depositional clay mineral assemblage. The clay minerals in the host formation therefore reflect primary variations in the source areas and in the oceanic environment (Deconinck 1992 ). and have investigated the geochemistry of the pelagic periplatform limestones at Montagna della Maiella and their clay-mineral assemblages, and have interpreted them in terms of long-term eustatic sea-level variations. The insoluble residues in the pelagic back-ground sediments never amount to more than 5 wt%, and the clay mineral assemblages are dominated by smectites (40-90%) and illite (5-40%, , with minor amounts of chlorite (€5%) and the episodic occurrence of abundant palygorskite in redeposited calcarenites in the Turonian . The smectite/illite ratios varies from 0.5 to 13. Also in the Marchean Apennines, smectites (!80%) and illite ( 20%) dominate the clay mineral assemblage of the pelagic limestones of the lower Campanian (Deconinck 1992) .
The composition of the inferred ash layers contrasts sharply with that of the pelagic and peri-platform background sediments; both layers consist entirely of smectite/ montmorillonite and are almost carbonate-free. In contrast to mixed-layer detrital illite-smectites in deep-sea sediments, authigenic smectites resulting from submarine alteration of volcanic ash are pure or nearly pure smectites (Kastner 1981) . According to their structural formula, the composition of the smectites of the bentonite layers is close to that of the end-member montmorillonite, which, if the only clay mineral present, is regarded as typical for bentonitic clays derived from the devitrification and accompanying chemical alteration of glassy ig- Fig. 11 U-Pb concordia diagrams for zircons of the upper bentonite layer; samples PP 6 (Pennapiedimonte) and F 2 (Gola del Furlo). Ellipses denote analytical 2s uncertainties neous material (Vallier and Kidd 1977) . During this process, the volcanic glass undergoes hydrolysis with the addition of magnesium from sea water to give montmorillonite, and releases silica and alkali metals.
The high amount of idiomorphic zircon grains, and the occurrence of idiomorphic apatite, of titanite, rutile and hornblende are equally interpreted as volcanic signatures. Metamorphic minerals (garnet, epidote) could be derived from vent erosion during explosive volcanic activity (see e.g. Fisher and Schmincke 1984) . Differences in the composition of the heavy mineral assemblages within individual ash layers, for instance in the garnet/zircon ratios in the upper ash layer, need not necessarily indicate different volcanic sources, but may reflect aeolian fractionation, i.e. differential settling of grains of different shape and density downwind (Fisher and Schmincke 1984) .
Source of the ash layers Pyroclastic material, including tephra, is typically produced by explosive eruptions of subduction-related magmatism and is an important component in marine sediments; however, minor eruptions are generally not recorded in the marine realm beyond 100 km, except as very fine-grained disseminated material (Kennett 1981) . Although alkaline intraplate and MOR-basaltic volcanics occur in the Cretaceous of peninsular Italy and Sicily (e.g. Longaretti and Rocchi 1990) , indications of explosive volcanism are scarce in the Cretaceous of the Alps, the Apennines and in the western Mediterranean area. A similar ash layer, however, apparently of slightly younger age (late Campanian), has recently been described from a similar base-of-slope succession in Monte Gargano (Graziano and Addabo 1996) . From Furlo and other locations, Vannucci et al. (1981) mention the presence of volcanogenic debris mixed with sediment of biogenic origin, particularly siliceous debris in the Scaglia Bianca Formation (Cenomanian) and the Livello Bonarelli (Cenomanian/Turonian boundary). However, from their description, illustrations and chemical analyses one gets the definite impression that the inferred volcanic material, if present at all, is masked by biogenic silica, and that only one horizon could be an original ash layer documenting a discrete volcanic event (their sample FU 2, Furlo, Cenomanian). In the Apennines, the only other relics of explosive volcanicity of inferred late Cretaceous age known to us are cineritic layers with a rhyolitic affinity occurring in the Cilento Flysch of the internal southern Apennines (Di Girolamo et al. 1984) . The age of these ash layers is, however, rather poorly constrained and controversial.
The source of the few Cretaceous ash layers in the Apennines is unknown, and there are no data with respect to ash-fall geometry. The ash composing the bentonite beds may have been dispersed both by wind and marine currents (cf. McCoy 1980); however, as there is no evidence for redistribution of the material by currents, winddriven transport appears to be primarily responsible for the deposition of the ash. This is also suggested by the fact that the thicknesses of the two ash layers do not change over a distance of 200 km. Volcanic ash may be transported by winds over considerable distance, whereby the bed thickness appears to decrease exponentially with distance from the volcanic source (see e.g. Fig. 3 in Ninkovich et al. 1978 and Fig. 6 in McCoy 1980) . Ninkovich et al. (1966) estimated that the maximum distance from the source to which ash can be transported by wind to form a distinct layer in deep-sea sediments is about 1,000 km, but distances much larger have been safely established (e.g. Y 5 Ischia ash in the eastern Mediterranean, McCoy 1980; >3,000 km for the Youngest Toba Tuff, 75 Ka, Shane et al. 1995) and, at a distance of approximately 1,000 km, the (uncompacted) Youngest Toba Tuff is still about 35 cm thick (Ninkovich et al. 1978) . In any case, the compacted thickness of 13 to 15 cm of the upper bentonite at both sections, Pennapiedimonte and Furlo, which are about 200 km apart, argues for a distant volcanic source and an extreme volcanic event. The fine grain size of the ash is consistent with a distant source (Fisher 1964) .
Although convergent movements in the Alpine belt are documented for the late Cretaceous by flysch deposits and exhumed Cretaceous high-pressure metamorphic mineral assemblages, traces of coeval subduction-related volcanicity are conspicuously scarce in the western Mediterranean area. Bentonites from possibly andesitic sources occur in the upper Maastrichtian portion of the south-Pennine Gurnigel Flysch of the central Alps (Winkler et al. 1985) ; also, in this case, the source is unknown. In north-eastern Croatia, however, granitoids occur that were radiometrically dated as late Cretaceous to early Paleocene (72-61 Ma, Pamic et al. 1989; Pamic 1993) and that document a subduction-related magmatic belt active from middle Cretaceous to early Palaeogene (Pamic 2002 ). The radiometrically dated granitoids are~10 million years younger than our ash layers, but from the same area, "basalts, rhyolites and tuffs" are reported to be intercalated with Upper Cretaceous deep-water clastics and limestones (Pamic et al. 1989; Pamic 1993) .
In many cases, the areal extent and distribution of wind-borne volcanic ash layers reflect the wind pattern of the high troposphere at the time of deposition (e.g. McCoy 1980; Kennett 1981, his Fig. 10; Elder 1988) . In late Cretaceous times, the area of the Maiella platform margin was situated between 20 and 30N (Scotese et al. 1989 , cf. Fig. 18.2 in Bernoulli 2001 ). Palaeoclimatic models (Barron and Washington 1982) postulate a zonal climate for that time. This would place the external Apennines in an area with prevailing north-easterly trade winds. Such a wind pattern is compatible with the direction of platform progradation along the margins of the Apulian carbonate platform. Indeed, the north-eastern margin of the Apulian platform is non-progradational (De Alteriis and Aiello 1993) and, therefore, is expected to be a windward margin (cf. Eberli and Ginsburg 1989; Schlager 1993) , whereas late Cretaceous progradation in the Maiella margin appears to be directed towards the north-west and west (Mutti et al. 1996) . A north-easterly or easterly provenance of the wind-borne material is thus possible. A provenance of the ash layers from the magmatic province of the Dinarides would be compatible with possible transport distances (<1,500 km palinspastically), the inferred wind pattern, the type of volcanicity and the geodynamic setting.
The inherited component of Ordovician age (467€ 23 Ma) in zircons from Furlo documents recycling of zircons from older crustal rocks. Granitoids of this age (480-440 Ma) occur in the Adriatic crust of the southern Alps (Boriani et al. 1982/83; Ragettli 1993) and are interpreted as the relics of an Ordovician arc or fore-arc complex overprinted during the Variscan orogeny (Handy et al. 1999) . The areal extent of these granitoids in the Variscan crust of the south-Tethyan margin, however, is not known, but they could extend into the presumed source areas of the ash layers.
A numerical age for the early Campanian
The zircon crystallization age of 81.67 Ma falls within the time span of the reversed interval of chron 33 of the palaeomagnetic time scale of Cande and Kent (1995; between 79.075 and 83 Ma) and within the early Campanian in the time scale of Obradovich (1993 , and in Gradstein et al. 1994 . Therefore, we have no reasons to doubt that the 81.4 Ma represent the date of volcanic extrusion and sedimentation of the ash layer. Our high precision U/Pb date, therefore, complements and confirms the 40 Ar/ 39 Ar laser-fusion dates of Obradovich (1993) who gives an age of 81.71€0.34 for the early Campanian Scaphites hippocrepis II zone, and of 80.54€ 0.55 Ma for the Baculites obtusus zone of the early middle Campanian.
The Aspidolithus parcus zone (CC 18), the nannofloral age of the ash layers, overlaps with the upper part of the Globotruncanita elevata zone. At Pennapiedimonte, the ash layers occur about in the middle of the Globotruncanita elevata zone, which coincides with the reversed interval of chron 33, at Furlo slightly below the middle of the chron. More specifically, the radiometrically dated (upper) ash layer falls within the upper part of the Aspidolithus parcus zone (CC 18). Our radiometric age of 81.67 Ma, therefore, approximately dates the middle of C33r.
Conclusions
The lithology and the clay mineral assemblage of the two bentonite layers at Montagna della Maiella and Gola del Furlo contrast sharply with those of the enclosing pelagic and turbiditic sediments. The purely montmorillonitic composition of the bentonites and the lack of 'normal' pelagic sediment in them leave little doubt about our interpretation as wind-borne ash deposits. The close chronological correlation between the two sections suggests that the ash layers document the same extreme volcanic events, which, in view of the constant thickness of the ash layers over 200 km, must have occurred at a great distance, possibly near the subduction zone of the Vardar Ocean in the Dinarides. Bio-and magnetostratigraphy date these events to the middle part of the early Campanian Globotruncanita elevata zone, which coincides approximately with the reversed interval of chron 33.
Our high precision U/Pb age determination on zircons date the middle of the reversed interval of chron 33 and of the Globotruncanita elevata zone at 81 Ma. We suspect that ash beds related to explosive volcanicity are much more frequent in the Tethyan deep-sea record than usually thought and that in most cases have not been recognized as such or were simply overlooked. If this is the case, there exists a potential for establishing a high-precision chronology of the pelagic Tethyan successions.
